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Abstract
ENERGY EFFICIENT RADIO FREQUENCY
SYSTEM DESIGN FOR MOBILE WIMAX
APPLICATIONS
Modelling, optimisation and measurement of Radio Frequency
Power Amplifier covering WiMAX bandwidth based on the
combination of Class AB, Class B, and C operations.
Keywords
Radio Frequency; Power Amplifier; Doherty Technique; Modulation; Matching
Network; Power Added Efficiency (PAE); Non-linearity; Orthogonal Frequency
Division Multiplexing (OFDM); WiMAX.
In today´s digital world, information and communication technology accounts for 3%
and 2% of the global power consumption and CO2 emissions respectively. This
alarming figure is on an upward trend, as future telecommunications systems and
handsets will become even more power hungry since new services with higher
bandwidth requirements emerge as part of the so called “future internet” paradigm. In
addition, the mobile handset industry is tightly coupled to the consumer need for more
sophisticated handsets with greater battery lifetime. If we cannot make any significant
step to reducing the energy gap between the power hungry requirements of future
handsets, and what battery technology can deliver, then market penetration for 4G
handsets can be at risk. Therefore, energy conservation must be a design objective at the
forefront of any system design from the network layer, to the physical and the
microelectronic counterparts. In fact, the energy distribution of a handset device is
dominated by the energy consumption of the RF hardware, and in particular the power
amplifier design. Power amplifier design is a traditional topic that addresses the design
challenge of how to obtain a trade-off between linearity and efficiency in order to avoid
the introduction of signal distortion, whilst making best use of the available power
resources for amplification. However, the present work goes beyond this by
investigating a new line of amplifiers that address the green initiatives, namely green
power amplifiers. This research work explores how to use the Doherty technique to
promote efficiency enhancement and thus energy saving. Five different topologies of
RF power amplifiers have been designed with custom-made signal splitters. The design
core of the Doherty technique is based on the combination of a class B, class AB and a
class C power amplifier working in synergy; which includes 90-degree 2-way power
splitter at the input, quarter wavelength transformer at the output, and a new output
power combiner. The frequency range for the amplifiers was designed to operate in the
3.4 - 3.6 GHz frequency band of Europe mobile WiMAX. The experimental results
show that 30dBm output power can be achieved with 67% power added efficiency
(PAE) for the user terminal, and 45dBm with 66% power added efficiency (PAE) for
base stations which marks a 14% and 11% respective improvement over current state-
of-the-art, while meeting the power output requirements for mobile WiMAX
applications.  
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CHAPTERONE
1. Introduction
1.1 Background and Motivation
The future accelerated growth of mobile traffic coupled with the need for broadband
applications have increased the complexity and design requirements of Radio Frequency
(RF) front end, especially the RF power amplifier design. The beyond 3G
communication paradigm envisages the end user living in a pervasive and ubiquitous
wireless world having the freedom of access to internet services on any device or any
network at anytime. The flexibility to be connected to any network implies that future
handsets will become fully virtualised and support multiple air-interfaces using
reconfigurable hardware and software defined radio.
These two enabling technologies will interact in synergy to allow the mobile device to
scan and synchronise to the available radios, and to connect in a seamless fashion to the
best available network. This means that the power amplifier needs to effectively support
a whole host of modulation schemes, and frequencies [1-3]. The most commonly used
modulation technique in legacy and future emerging technologies is OFDM [4-9]. This
is a multicarrier modulation technique that can provide high data rate and significantly
overcome multipath interference that leads to signal degradation. However, this
modulation technique, unlike in legacy 2G modulation techniques, has a high crest
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factorenforcing linear amplification over a large dynamic range [4-9]. If this were to be
done with existing power amplifier techniques, this would result in poor efficiency and
output power [1-4].
A rising concern in today´s green society is the energy consumption and the carbon
footprint emitted by ICT devices. In fact, the whole ICT sector has been estimated to
account for only 2 percent of global CO2 emissions, this percentage is comparable to
the emissions due to global aviation [10-13]. Therefore energy saving should be at the
forefront any communication system design. Moreover, there is a continuously
increasing gap between the energy requirements of power hungry radio devices, and
what can actually be delivered by new battery technology. Without new approaches to
energy saving, there is significant concern that future mobile users will be searching for
power outlets rather than for network access which stands in a complete irony to the
beyond 3G philosophy.
In typical mobile terminals for cellular systems up to half of the power consumptions
come from communications-related functions, such as baseband processing, RF, and
connectivity functions. Therefore any reduction in the power consumption of the power
amplifier device will have a substantial impact on carbon footprint and prolong battery
lifetime [14-59]. As you can see in Figure 1.1, Figure 1.2 and Figure 1.3, that the power
consumption growth in ICT and the power consumption of power amplifier in particular
is unsustainable.
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We have highlighted energy consumption and linearity as two important design
requirements that should be addressed if we are to have effective RF power
amplification in tomorrow´s handsets.
The state-of-the-art on energy efficient RF power amplifier design techniques include
the Chireix out-phasing [60], Doherty configuration [61], Kahn EER [62], and ET [63],
and that involve complex circuit design and require the use of external circuit control
and signal processing making their practical implementation challenging. However, the
Doherty amplifier, which has self-managing characteristics is considered to be the most
attractive design and is considered here as the baseline for the proposed three stage
design.
The proposed Doherty configuration will be designed for the mobile WiMAX frequency
band, where we focus on the 3.4 – 3.6 GHz range which is the band being utilised in
Europe.
After improving the RF power amplifier transceiver’s performance in term of battery
lifetime/talk time of battery-powered devices and energy consumptions of base station,
with the aim to prolong their operational time and avoid active cooling in the base
station, which is the key objective of the present work. However, we have suggested
and highlighted a recommendation for the future work.
The future work is designing a frequency reconfigurable RF front ends (multi-standard)
by using RF MEMS technology to be able to frequency reconfigure the efficient RF
power amplifier.
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Thefirst part of the design should be the design RF MEMS matching network for the
reconfiguration of RF power amplifier to cover more than six frequency bands (a
tunable RF power amplifier). And the second part of the design should address the RF
MEMS Filters.
The RF MEMS is a key enabling technology for reconfigurable radio front ends that
promises to enable new paradigms in RF systems since it will enable superior
functionality, integration and performance, and will also play a role in size reduction
(miniaturisation). It also provides very good linearity, low power consumption and
potential low cost manufacturing into a variety of substrates. The multiband mobile
transceiver will be capable of operating in 2G, 3G and 4G radios and will rely on high-
Q technology that must interface with the PA at circuit level with the reduction in area.
Figure 1.1: ICT Power Consumption in GigaWatts [10-11].
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Figure 1.2: Base station power consumption breakdown [12].
 
Figure 1.3: Power amplifier energy consumption breakdown within the network [12].
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1.2 Wireless Applications
The specifications of unlicensed and licensed frequency bands of interest of wireless
standards within and outside Europe are shown in a Table 1.1.
Table 1.1: Frequency bands of interest.
Standard Up Link Down Link
TETRA2 (TEDS) &
LTE
700-800MHz (TBC)
GSM -900, UMTS
BANDE VIII
880-915MHz 925-960MHz
DCS - 1800 1710-1785MHz 1805-1880MHz
UMTS TDD 1900-1920MHz
UMTS 1920-1980MHz 2110-2170MHz
UMTS TDD 2010-2025MHz
Wi-Fi 802.11 b/g/n 2400-2483MHz
LTE (38) 2570-2620MHz
LTE (7) 2500-2570MHz 2620-2690MHz
Mobile WiMAX 3400-3600MHz
Wi-Fi 802.11 a/n 5180-5700MHz
The technical specifications in the amplifier design are tied to mobile WiMAX
requirements. This band has a frequency range from 3.4GHz to 3.6GHz. The uplink
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band (3400-3500 MHz) and downlink band (3500-3600 MHz) approximately. The
mobile Wimax base stations transmit at power level of approximately 43dBm (20W)
and LTE user terminals typically transmit at 30 dBm (1W). These values depend on
modulation (QPSK, 16QAM, 64QAM), because in each case the back-off must be
different according to modulation level.
1.3 Target Objectives
Research related to the RF System Design, whereby focus will be on practical issues of
designing a linear RF Doherty power amplifier with high efficiency, for the
implementation in Mobile WiMAX RF transmitter frontend. This technique (Advance
design method of Doherty amplifier) should allow the design of RF power amplifier,
which will meet the output power and linearity requirements of European mobile
WiMAX systems that has high efficiency, and gain.
We have highlighted energy consumption and linearity as two important design
requirements that should be addressed if we are to have effective RF power
amplification in tomorrow´s handsets and base stations.
This research work explores the emerging area of optimising efficiency as well as
linearity in RF power amplifier design, as part of the green RF front end. In fact, the
energy bills of a handset device and base station are dominated by the energy
consumption of the RF hardware, and in particular the power amplifier design.
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Poweramplifier design is a traditional topic that namely addresses the design challenge
of how to obtain a trade-off between linearity and efficiency in order to avoid the
introduction of signal distortion, whilst making best use of the available power
resources for amplification. However, the present work goes beyond this by
investigating a new line of amplifiers that address the green initiatives, namely green
power amplifiers.
1.4 Outline of this Report
Chapter 1 gives an introduction and aims of this novel research and discuss the
problems that are going to be tackled, which is the prime challenge for future wireless
systems and the need to limit the energy consumptions of battery-powered devices and
base station, with the aim to prolong their operational time and avoid active cooling.
Method of signal amplification and feature of power amplifiers will be reviewed in
chapter 2, amplifiers are classified according to their circuit configurations and methods
of operation into different classes, such of these are A, B, AB, C, and F. These classes
are based on conduction angle (2θc). And also its presented a widely used figures of
merit to evaluate the linearity or the impact of nonlinearity.
Chapter 3 describes the characterisation and design of energy efficient user terminal
transceiver power amplifier. This design comprised several design steps for which the
optimisation is applied to each in order to obtain global high performances of the entire
system. Initially, the design of carrier and peak amplifiers, input signal 3dB 90-degree
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hybridcoupler designs, Output 90 degree offset line and impedance transformer designs
were performed.
Chapter 4 covers the proposed base stations efficient RF power amplifiers design and its
implementations. The aim of this chapter was the design process of the base station load
modulation RF power amplifier and balance RF power amplifier. The conventional
balance amplifier was first proposed to improve power efficiency of 3G base station, is
designed to work over a given dynamic range where the amplifier should work linearly.
Conventional balanced amplifier was a commercially successful to 2G/3G base station
front end power amplifier. However, there are some problems that limit the balanced
amplifier for use as power amplifier for 4G communications.
Chapter 5 describes the proposed Multi-stage Load Modulation circuit architecture; in
which section 5.1 explains the current drive analysis for the three stage load modulation
circuit; circuit prototype and results are given by section 5.2.
And finally a summarised conclusions and future work are stated in chapter 6.
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CHAPTERTWO
2. Method of Amplification
2.1 Amplifiers
Amplifiers are classified according to their circuit configurations and methods of
operation into different classes, which include A, B, AB, C, and F [1-3]. These classes
are based on the conduction angle (2θc). The conduction angle is the portion of RF cycle
the device spends in its active region (behaves as a current-controlled source).
Moreover, these classes range from entirely linear with low efficiency to entirely non-
linear with high efficiency. The choice of the quiescent point for gate and drain voltage,
as shown in Figure 2.1, will determined by the operation class and certainly, the
linearity and efficiency.
 
 
 
Figure 2.1: Quiescent point of class A, B, AB, and C amplifiers.
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2.1.1 Class A
This amplifier has the highest linearity relative the other classes particularly when in
force in backed off mode from full power. It operates in a linear region of its operating
mode and is corresponding to a current source (current-controlled-current). The
configurations of class-A, B, and C amplifiers can be either a push–pull or a single
ended tuned version [1-3]. However, to attain high linearity, the amplifier’s gate DC
voltage and the amplifier’s drain DC voltage should be selected properly so that the
amplifier operates in the linear region. Class A amplifier operate over the whole 3600
conduction angle (2θc = 3600) of the input signal, as shown in Figure 2.2, and the
efficiency is less than 50% [1-3].
According to Mihai Albulet ref. [2], a simplified analysis of the single-ended Class A
amplifier is based on the following assumptions: The RF choke is ideal. It has no series
resistance, and its reactance at the operating frequency is infinite. Consequently, the RF
choke allows only a constant (DC) input current, Idc, whose value is determined by the
bias circuit. There are also DC-blocking capacitors (short circuit at the operating
frequency). For this simplified the transfer characteristic of the active device is assumed
to be perfectly linear, i.e., a sinusoidal drive signal determines a sinusoidal collector
current [2].
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CLASS-A 
Figure 2.2: Voltage and current waveforms of class A operation.
 
2.1.2 Class B
The class B amplifier operate over 1800 (2θc = 1800) as shown in
Figure 2.3, which means amplify only half of the input signal, therefore suffers from
large amount of distortion (crossover distortion). The theoretical efficiency is around
79% [1-3].
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Figure 2.3: Voltage and current waveforms of class B operation.
 
2.1.3 Class AB
This amplifier is a compromise between class A and class B in terms of efficiency and
linearity. The class AB amplifier is biased as close to pinch-off as possible [1-3]. In this
situation, the class AB amplifier will operate more than 1800 (2θc > 1800), but less than
3600 of the input signal (1800 < 2θc < 3600) as shown in Figure 2.4.
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Figure2.4: Voltage and current waveforms of class AB operation.
 
2.1.4 Class C
This is a completely non-linear and high efficient amplifier and is applicable in
circumstances where efficiency is an essential concern. The class C amplifier operate
less than 1800 (2θc < 1800) of the input signal, as shown in Figure 2.5 [1-3].
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Figure 2.5: Voltage and current waveforms of class C operation.
 
2.1.5 Class F
Class F amplifier is one of the highest efficiency amplifiers with zero linearity
performance, is based on switched mode transistor circuits [1], [4-7]. The switched
mode amplifiers can achieve better efficiency than the conduction angle based
amplifiers. It uses harmonic resonators to control the harmonic content of its both drain
current and voltage waveforms, in order to achieve high efficiency, which results from a
low dc voltage current product. In other words, the both drain voltage and current are
shaped to reduce their overlap region [1], [4-7].
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Todesign class F amplifier, one have to start by designing a proper matching network at
a given fundamental frequency follow by the designing of harmonic tuning network at a
definite order of harmonics. Normally, short circuit are present at even harmonics, while
open circuit at odd harmonic [1], [4-7].
Figure 2.6 shows the example of class F power amplifier.
50 
Ohms
Output
Signal
RFC
Vdd
Output Matching
Input
Signal
 
Figure 2.6: Example of class F power amplifier.
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2.2 Features of RF power amplifiers
2.2.1 Linearity
Non-linearity is an impending cause of interference and system performance
deprivation. The RF power amplifier can distort the transmitted signal due to their
nonlinearities [1-3]. Therefore, signal should be amplified linearly in order to transmit
faithfully. High data transfer leads to the development of multilevel modulations, which
causes non-constant envelope and wide envelope frequency, and are considerably
sensitive to nonlinear distortion, usually caused by RF power amplifier. Therefore,
linear or linearisation of RF power amplifier is needed for high data transfer [1-3], [8-
20].
The widely used figures of merit to evaluate the linearity or the impact of nonlinearity
of RF power amplifier to transmitted signal are;
a) 1dB compression point (1dB)
b) 3rd order intermodulation distortion (IMD3)
c) Adjacent channel power ratio (ACPR)
d) Error vector magnitude (EVM)
2.2.1.1 1dB compression point
This is output power at which the gain compresses by 1dB from its linear region, or can
be defined as the input power that causes a 1dB drop in the linear gain due to device
saturation [1], [3]. The 1dB compression point is a power amplifier performance metric
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which is not defined in standards. Figure 2.7 shows the relationship between input
power versus output power and 1dB compression point. The Pin is related to
corresponding Pout at 1dB compression point as:
Pin (dBm) = Pout (dBm) + G (dB) (2.1)
Where G is the gain
Figure 2.7: Input power Vs Output power showing 1dB compression point.
2.2.1.2 3rd order intermodulation distortion (IMD3)
Intermodulation component occurs when the inputs to the non-linear device or system is
composed with two or more frequencies, the third, and the fifth intermodulation
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productsare caused by the sum and difference products of each fundamental and their
harmonic input signals [1], [3]. The IMD3 has serious effect on the signal because is
very close to the fundamental signal which is very hard to filtered it out as shown in
Figure 2.8. The IMD3 is a power amplifier performance metric which is defined in
standards.
 
Figure 2.8: Third order intermodulation distortion (Showing lower and higher
intermodulation).
 
 
 
Figure 2.9: Intermodulation distortion for a nonlinear power amplifier.
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2.2.1.3Adjacent channel power ratio (ACPR)
This is the parameter that describes the degree of the spectral re-growth into adjacent
channel and is defined as the ratio of the total power of the adjacent channels to the
signal power in the main channel [1-3]. Moreover this is one of the main parameters
that frequency regulatory bodies use to characterise the interferences with other adjacent
channel. The ACPR is a power amplifier performance metric which is defined in
standards Figure 2.10 shows the adjacent channel power ratio based on the adjacent
bandwidth and main bandwidth.
 
Figure 2.10: Adjacent Channel Power Ratio (B1 = Adjacent bandwidth, B2 = Main
bandwidth).
2.2.1.4 Error vector magnitude (EVM)
This describes the blemish of the constellation after receptions. The error vector (E(s))
is the difference between the actual transmitted (A(s)) and ideal (H(s)) constellation
point [3], [8], [12]. EVM is specified after reception and demodulation by an ideal
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receiver and ensures a correct transmission within the channel. The EVM is a power
amplifier performance metric which is defined in standards.
 
 
 
 
 
 
 
Figure 2.11: Error vector magnitude.
2.2.2 Power Efficiency
Power efficiency of the user terminal power amplifier is an important attribute that leads
to increase talk time and battery lifetime, whilst efficiency at the base station leads to
reduced power consumption and avoid the need for active cooling. Therefore this is a
vital parameter for power amplifier, a value which quantifies the portion of the supplied
DC power converted to RF power by the amplifier, and takes on added importance
when the available input power is limited, such as in battery-powered mobile terminals
[3].
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Thepower efficiency is a power amplifier performance metric which is not defined in
standards, and there are two most common power efficiency metrics that are used in RF
power amplifier design: Drain efficiency and PAE.
Drain efficiency is defined as the ratio of RF output power delivered to the load (Pout),
to the power supplied by the DC (PDC) [1-3].
%100×=
DC
out
P
Pη (2.2)
The drain efficiency does not includes the effect of the input power (drive signal),
therefore cannot deeply show the overall power efficiency of the RF power amplifiers.
PAE includes the effect of the input power (drive signal) and shows how efficiently can
convert DC supply to RF power. PAE can be defined as ratio of RF output power (Pout)
minus RF input power (Pin), to the DC power (PDC) [1-3].
%100×−=
DC
inout
PAE P
PPη (2.3)
To sum up, power efficiency of RF power amplifiers can significantly influence the
global power efficiency of the transceiver. Unlike linearity (ACPR) which is defined in
standards, power efficiency is a performance metric which is not defined in standards.
RF power amplifier nonlinearity and efficiency are in direct conflict- improves one and
you degrade the other.
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2.3 Trade-off between Efficiency and Linearity
The goal of designing efficient power amplifiers with good linearity is therefore to
obtain a system that maintains high efficiency over a wide range of input powers. But
achieving high efficiency and high linearity simultaneously in power amplifiers design
is the most challenging task [8-20]. However, to obtain linearity and efficiency
simultaneously, some linearisation or efficiency enhancement techniques have to be
employed. The efficiency enhancement technique in the linear region of operations of
power amplifier will be implemented which can be used to achieve higher efficiency at
a low-level output power.
Generally, the maximum efficiency is achieved at maximum output power of the
amplifier, usually close to saturation point (1dB compression point). And forcing it into
saturation results in severe distortion, efficiency degrades dramatically as output power
decreases. As you can see in Figure 2.12 the maximum output power (Vload) of this
amplifier is 38.709dBm at input power of 26dBm, any increase in input power will
force the amplifier into saturation. The maximum efficiency is 42.503% and is obtained
exactly at the point of maximum output power (Vload), as the output power decreases,
efficiency drops dramatically as shown in Figure 2.13.
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Figure2.12: Input power (dBm) versus output power (dBm).
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Figure 2.13: Output power (dBm) versus efficiency (%).
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2.4 RF power amplifier’s linearity and output power requirements
The envelope variation of an OFDM signal clearly requires a linear RFPA. It should be
noted that the IEEE 802.16e/Mobile WiMAX standard doesn’t specify the minimal
required IMD of the user terminal PA, but it uses system level requirement to describe
the maximal allowable distortion. These system level requirements are: SM and EVM
[3], [8], [12]. The spectral mask is specified at the PA output, and ensures that the user
terminal transmitter does not corrupt or block the spectrum from adjacent channels. The
error vector (E(s)) is the difference between the actual transmitted (A(s)) and ideal
(H(s)) constellation point. EVM is specified after reception and demodulation by an
ideal receiver and ensures a correct transmission within the channel. The EVM of a
symbol S is defined as,
EVM =
E(s) 2
1
N
H (s) 2
S∑
(2.4)
To obtain EVM as a percentage, the RMS value is used; this is a useful systems level
figure of merit for the accuracy of the OFDM signal,
EVM (%) = Perror
Pref
×100% (2.5)
And can also be measured in (dB)
32 
 

EVM (dB) = 10 log10 (
Perror
Preference
) (2.6)
Where Perror is the RMS power of the error vector, and Pref is the power of the outermost
point in the reference constellation. The SM and EVM targets for mobile WiMAX are
comparatively rigorous among existing standards.
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2.5 Conclusion
This chapter has shown the classes of RF power amplifier from highly linear to the less
linear. It is well known that power amplifiers cannot operate efficiently when used for
linear amplification. The classes A, B and AB are considered linear amplifiers and have
been used for GSM and AM broadcasting. High data transfer leads to the development
of multilevel modulations which causes non-constant envelope and wide envelope
frequency and hence significantly sensitive to nonlinear distortion caused by RF power
amplifier. Therefore, linear or linearisation of RF power amplifier is needed for high
data transfer.
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CHAPTERTHREE
3. User Terminal Efficient RF Power
Amplifiers Design
 
3.1 Even load modulation RF power amplifier
This work describes the characterisation and design of energy efficient user terminal
transceiver power amplifier. The design core is based on the combination of Class B
and Class C that includes quarter wavelength transformer at the output to perform the
load modulation [1-15]. This power amplifier is designed to operate over the frequency
range of 3.4GHz to 3.6GHz mobile WiMAX band. The performances of load
modulation RF power amplifier are compared with conventional Class B amplifier. The
results of 30dBm output power and 53% power added efficiency are achieved.
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Figure3.1 : The schematic diagram of the user terminal load modulation RF power
amplifier.
Figure 3.2: The scale design diagram of the user terminal load modulation RF power
amplifier.
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In this work, the efficiency and the output power of the load modulation RF power
amplifier has been achieved by 1) Proposed additional of 32mm offset lines at the
output and input matching network for which it prevents power leakage at the output
junction between the output impedance transformer and peaking Class C amplifier, 2)
The optimum design of Class B amplifier with proposed circuitry increases the
quiescent current to an order of 8% of the peak drain current of the transistor, 3) The
optimum design of 3dB 90 degree input splitter, and a transmission-line choke and RF
short-circuit used to de-couple the DC supply. The proposed schematic diagram of this
kind of amplifier is presented in Figure 3.2.
3.2 Circuit Design
A 3.5GHz, 30dBm Mobile WiMAX handset load modulation RF power amplifier, has
been designed using the TOM3 large signal model and FPD1500 transistor. The
FPD1500SOT89 is a packaged depletion model AIGaAs/InGaAs pseudomorphic
pHEMT. It contains double recessed gate structure, which minimises parasitic and
optimise performance.
This design comprised several design steps for which the optimisation is applied to each
in order to obtain global high performances of the entire system. Initially, the design of
carrier and peak amplifiers, input signal 3dB 90-degree hybrid coupler designs, Output
90 degree offset line and impedance transformer designs were performed.
However, it is important to note that in the design of carrier and peak amplifiers, the DC
simulation should be done first in order to find the optimal bias point and bias network
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basedon the class of operation and power requirements. In this work, the bias circuit
was designed based on Class B and Class C for carrier peak respectively. We decided to
use class B to improve the efficiency and linearity instead of Class AB, which is widely
used in the combination of Doherty amplifier.
The DC quiescent current for Class B is at threshold while for Class C is below the
threshold. In theory the quiescent current of Class B is zero but for the current work, we
increased the quiescent current to an order of 8% of the peak drain current that is
resulting in 0.046mA. The reason for this is to minimise crossover distortion and
increases the efficiency. The peak drain current is 0.587mA when the VGS is at 0V and
VDS is 5V. 5V was chosen for VDS since it is located between cut-off and saturation of
the transistor. 0.046mA is 8% of the peaks drain current, which gave the VGS of -0.9V
as shown in Figure 3.3, while the overall power consumption is 0.228W. The thresholds
of class B drain current for this work was shown in Figure 3.4. Moreover, the same
supply power applied to class C but with drain current of 0.004mA and the power
consumption is 0.019W.
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Figure 3.4: The threshold of the drain current of class B.
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Havingobtained the DC quiescent current, the next step is to determine the load line
impedance to design the output and input matching networks of Class B power
amplifier and to obtain the performance regarding the output power and efficiency. The
output-matching network was designed for optimum output power performance with
load pull technique and the input matching network was based on S-parameters.
The transistor is a package form; Figure 3.5 shows transistor with external parasitic and
the parasitic elements are included in the load-pull analysis in order to optimise the
output-matching network. The results obtained from the load pull simulation showed
that the transistor needs to see an impedance of 20.492 + j3.775Ω at the output.
Therefore the target of the matching network was to transform the impedance from
49.393 – j1.776 to 20.492 + j3.775Ω. This impedance was the optimal load value,
which compromised the 40.39% efficiency and 27.05dBm output power at 1dB
compression point of single Class B alone, Figure 3.6. The load reflection coefficient
was used to design the output matching network while for the input matching network
S-parameter was employed and conjugated the input reflection coefficient for maximum
power transfer. Figure 3.7 shows the linear results obtained from the matched Class B
power amplifier, the gain is flat over the range of 3.4GHz to 3.6GHz with excellent
matching at the input and output return losses.
The non-linear simulation of Class B was performed and the performance of the design
in terms of output power and efficiency was observed. The 26.98dBm output power was
achieved at 1dB compression point and 39% efficiency. From this nonlinear simulation,
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theresult shows a clear compromise with the load pull measurement values. The same
was applied to Class C but with different bias point.
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Figure 3.5: Transistor with external parasitic.
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Figure 3.7: Linear simulation: Flat gain & return loss.
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A3dB quadrature splitter is part of load modulation and if design properly can contribute
a lot to the total efficiency of the system. Our investigation shows that the operation of
this technique is strongly influenced by the coupling factor of the input splitter. In fact, in
this work 3dB quadrature splitter have been designed (Figure 3.8) and tested in terms of
operating frequency and bandwidth, and this showed good results as appeared in Figure
3.9, and Figure 3.10. It should be noted that, the splitter is at the input of amplifier and
divides the input signal equally between the carrier and peaking amplifiers. The splitter,
the Carrier Class B, the peaking Class C, and impedance transformer at the output are
combined to form a Doherty RF power amplifier.
Figure 3.8: Power splitter.
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3.3 Implementation & Results
Figure 3.11, shows the prototype diagram of the proposed load modulation RF power
amplifier with offset transmission line at both output and input circuit which, maximise
the overall system’s efficiency with the configuration of Class B amplifier. The
FPD1500SOT89 transistor with 27.5dBm output power was used for both Class B and
Class C amplifiers and produces a Doherty power amplifier with 30dBm output power
and efficiency of 53%. The bias condition for the Class B carrier amplifier are Vgs = -
0.9V (Ids = 46 mA), and for the Class C peaking amplifier, Vgs = -1.1V (Ids = 4 mA).
Both of the amplifiers use the same drain voltage (5V). Table 3.1 summarises the
recommended bias setting.
The load modulation RF power amplifier initially characterised for AM-AM and AM-
PM responses as well as output power and efficiency. The performance comparisons
between the Doherty amplifier and Class B amplifier are performed and the output
power increased to 30dBm at 1dB compression point while the efficiency increased to
53%. Figure 3.12 represent the variation of the input power versus output power of the
load modulation RF power amplifier. It clearly shows that 30dBm output power is at
linear region of the amplifier and this was achieved due to the characteristic of gain
compression and expression of the load modulation. The peaking amplifier Class C late
gain expansion can compensate the carrier Class B amplifier gain compression. Figure
3.13, Figure 3.14 represent the gain characteristic versus output power, the graph shows
the power gain of load modulation amplifier is degraded drastically compared to Class
B due to the arrangement of lower biasing.
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Figure 3.15 shows the power added efficiency versus output power. The Doherty
amplifier have higher efficiency over the range of wide output power levels compared
to Class B amplifier.
Table 3.1: Bias point setting for load modulation.
 
Drain Voltage
(V)
Carrier VGS
(V)
Peaking VGS
(V)
5 -0.9 -1.1
 
 
 
 
Figure 3.11: Implemented prototype of load modulation RF power amplifier.
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Figure 3.13: AM-PM characteristics of load modulation RF power amplifier.
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Figure 3.14: Gain characteristics.
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51 
 
Table3.2: Comparison performance of class B and load modulation at Pout 1dB
compression point.
Amplifier Gain (dB)
Pout (dBm)
at 1dB
PAE
(%) at
P1dB
Pavg
(dBm)
PAE
(%)
at
Pavg
Class B
amplifier
15.4 27.5 37
23 11
Load
modulation
11.8 30 53
23 26
3.4 Uneven Doherty RF power amplifier
This work is the improvement of Doherty RF power amplifier which uses identical
transistors but different only in biasing. Doherty techniques are based on load
modulation and when using two transistors, the second transistor should be able to pull
the load presented to the first transistor for high efficiency. However, it is impossible
for Class C to deliver the same output power as Class B because, Class C used part of
the input signal to turn on and for this reason Class C will never pull the load presented
to Class B for peak efficiency.
To solve this problem, uneven Doherty RF power amplifier with uneven signal splitter
at the input has been designed, which is to allow more input signal to Class C amplifier
than Class B amplifier. An uneven Doherty technique with new offset lines was
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employed and has been designed to operate over the frequency range of 3.4GHz to
3.6GHz band. The proposed schematic diagram of this kind of amplifier is presented in
Figure 3.16. The performances of Uneven Doherty power amplifier are compared with
Doherty power amplifier. The results of 30dBm output power and 62% power added
efficiency are achieved.
 
 
Figure 3.16: The proposed schematic diagram of Uneven Doherty power amplifier.
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3.5 Uneven circuit design
The large signal model, the design tools and the procedure that were used in the first
design (Doherty power amplifier) have also been followed in this design to optimise the
performance.
This design comprised several design steps for which the optimisation is applied to each
in order to obtain global high performances of the entire Uneven RF power amplifier.
Initially, the design of carrier and peak amplifiers, unequal input signal 90-degree
hybrid coupler designs, output 90 degree offset line, and impedance transformer designs
were performed.
A 3dB quadrature unequal splitter is part of uneven Doherty power amplifier and if
design properly can contribute a lot to the total efficiency of the system. Our
investigation shows that the operation of this technique is strongly influenced by the
coupling factor of the input splitter. In fact, in this work the quadrature unequal splitter
have been designed (Figure 3.17) and tested in terms of operating frequency and
bandwidth, and this showed good results as appeared in Figure 3., and Figure 3.. It
should be noted that, the unequal splitter is at the input of amplifier and divides the
input signal unequally between the carrier and peaking amplifiers. The unequal splitter,
the Carrier Class B, the peaking Class C, and impedance transformer at the output are
combined to form an uneven Doherty RF power amplifier.
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Figure 3.18: Unequal power splitters.
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Figure 3.19: Insertion loss of S21 and S31.
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Figure 3.19: Isolation between the ports 2 and 3.
3.6 Uneven implementation & results
Figure 3.20, shows the prototype diagram of the proposed uneven Doherty RF power
amplifier with offset transmission line at both output and input circuit which maximise
the overall system’s efficiency with the configuration of Class B amplifier. The
FPD1500SOT89 transistors with 27.5dBm output power was used for both Class B and
Class C amplifiers and produce an uneven Doherty RF power amplifier with 30dBm
and Efficiency of 62%. The bias condition for the Class B carrier amplifier are Vgs = -
0.9V (Ids = 46 mA), and for the Class C peaking amplifier, Vgs = -1.1V (Ids = 4 mA).
Both of the amplifiers use the same drain voltage (5V).
The uneven Doherty initially characterised for AM-AM and AM-PM responses as well
as output power and efficiency. The performance comparisons between uneven Doherty
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amplifier and Doherty amplifier are performed and the output power increased to
30dBm at 1dB compression point while the efficiency increased to 62%. Figure 3.21
represent the variation of the input power versus output power of the uneven Doherty
amplifier. It clearly shows that 30dBm output power is at linear region of the amplifier
and this was achieved due to the characteristic of gain compression and expression of
the uneven Doherty. The peaking amplifier Class C late gain expansion can compensate
the carrier Class B amplifier gain compression. Figure 3.23 represent the gain
characteristic versus output power, the graph shows the power gain of uneven Doherty
amplifier is a little more increase compare to Doherty amplifier and this is due to the
arrangement of lower biasing. Figure 3.24 shows the power added efficiency versus
output power. The uneven Doherty amplifier have higher efficiency over the range of
wide output power levels compared to Doherty amplifier.  
 
 
Figure 3.20: Implemented prototype of uneven Doherty power amplifier.
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Figure 3.23: Gain characteristics.
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Table3.3: Comparison performance of uneven Doherty power amplifer and Doherty
power amplifier at Pout 1dB compression point.
Amplifier
Gain
(dB)
Pout
(dBm) at
1dB
PAE
(%) at
P1dB
Pavg
(dBm)
PAE
(%)
at
Pavg
Doherty amplifier 11.8 30 53 23 26
UnevenDoherty
amplifier
9.7 32 62
23 26
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3.7 Conclusion
This chapter has presented two different topologies. Topology one (combination of
class B and class C) is even Doherty in which the results are compared with classical
class B. The even Doherty has better efficiency and output power than class B but still it
has some limitation, which does not allow utilising all the efficiency. Doherty
techniques are based on load modulation and when using two transistors, the second
transistor should be able to pull the load presented to the first transistor for high
efficiency. However, it is impossible for class C to deliver the same output power as
class B because, class C used part of the input signal to turn on and for this reason class
C will never pull the load presented to class B for peak efficiency. With this reason we
decided to designed uneven Doherty RF power amplifier with uneven signal splitter,
which is to allow more input signal to class C amplifier than class B amplifier. The
trade-off between efficiency and linearity in load modulation power amplifier has been
presented. The achieved results of the proposed design process have shown an excellent
efficiency and power performances. The proper phasing of 3dB quadrature splitter
effectively contributed to the total efficiency of the system. The operation of this design
was strongly influenced by the coupling factor of the splitter, biasing of class B and C
amplifiers. In addition, the turn–on of the class C amplifier was dependent on the gate
bias voltage and the input signal. The self-managing characteristic of the load
modulation amplifier has made its implementation more attractive.
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CHAPTERFOUR
4. Base Station Efficient RF Power
Amplifiers Design
4.1 Efficient mobile WiMAX base station RF power amplifier
The B3G base station transceiver Doherty power amplifier was designed to operate over
the frequency range of 3.47GHz to 3.53GHz mobile WiMAX band using Freescale’s N-
Channel Enhancement-Mode Lateral MOSFET Transistor, MRF7S38010HR3; The
performances of the Doherty amplifier are compared with that of the conventional Class
AB amplifier [1-13]. The results of 43dBm output power and 66% power added
efficiency were achieved.
 
Figure 4.1: The proposed block diagram of Doherty RF power amplifier.
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The efficiency and the output power of the Doherty RF power amplifier has been
achieved by two identical 38dBm, 15dB gain, 30V devices for 3400 – 3600MHz
configured as Class AB and Class C respectively, with the proposed additional of 15mm
offset lines at the output matching to adopt to the Doherty configuration and prevents
the power leakage at the output junction between the output impedance transformer and
peaking Class C amplifier. The 15mm length of micro strip line was obtained by using
“LineCalc” from ADS simulator with RT 5880 substrates’ parameters Er = 2.2, H=
0.5mm, Zo = 50 Ω, T= 35um, TanD= 0.017. The 50 Ω 90 degree open circuits were
added to right angle of the RF blocking transmission lines. The proposed schematic
diagram of this kind of amplifier is presented in Figure 4.1.
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Figure 4.2: Linear simulation: Flat gain & return loss.
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4.2 Circuit design
A 43dBm output power beyond 3G base station Doherty RF power amplifier have been
designed using Freescale N-Channel Enhancement-Mode Lateral MOSFET
MRF7S38010HR3. The 50Ω quarter wavelength transmission line impedance inverter
is used to provide a dynamic load adaptation. This also includes the optimised biases,
and operation classes of carrier and peaking amplifier using a large signal harmonic
balance simulation to offer improvements in efficiency. The design comprises several
design steps for which the optimisation is applied to each in order to obtain high
performances of the entire Doherty RF power amplifier.
However, it is important to note that in the design of the Doherty RF power amplifier,
the DC simulation should be carried out first in order to find the optimal bias point and
bias network based on the class of operation and power requirements. In this paper the
bias circuit was designed based on Class AB carrier and Class C peaking amplifiers. In
Class AB, the transistor is biased just at the start of conduction, about 300mA while
Class C is biased in the pinch off region and conducts as the input signal increases.
Having obtained the selected DC quiescent current to maximally cancel the signal
distortions, the next step is to determine the design of Class AB amplifier and to obtain
the performance regarding the output power and efficiency before incorporating into
Doherty design. The output and input impedance was internally matched to 50 Ω
impedance microstrip transmission lines, the 15mm offset lines is added to the input
side before the input matching network and another 15mm offset line was added to the
output side after the output matching network. The Class AB in this design will serve as
a carrier amplifier in which the Doherty configuration and the quarter wavelength line
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will enable it to see high output impedance which leads to its saturation and keeps it
maximum voltage at constant condition.
Figure 4.2 shows the linear results obtained from the matched Class AB power
amplifier, the gain is flat in the range of 3.47 to 3.6 GHz with excellent matching at the
input and output return losses.
The non-linear simulation of Class AB was performed and the performance of the
design in terms of output power and efficiency was observed. The 38dBm output power
was achieved at 1dB compression point and 32% efficiency. The same was applied to
Class C, but with different bias point.
3dB quadrature splitters in the past were very expensive and difficult to design for wide
bandwidths and at low frequencies are bulky in nature. The power input splitter is part
of the Doherty configurations and if properly designed can contribute to the total
efficiency of the system. Our investigation shows that the operation of this technique is
strongly influenced by the coupling factor of the input splitter. In fact, in this research
the splitters have been designed and tested in terms of operation frequency and
bandwidth, and showed good results as seen in Figure 4.3, Figure 4.4, and Figure 4.5. It
should be noted that this splitter, at the input of amplifier, divides the input signal
equally, but 90-degree phase difference between the carrier and peaking amplifiers. The
splitter, the Carrier Class AB, the peaking Class C, and impedance transformer at the
output are combined to form the Doherty RF power amplifier.
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Figure 4.3: Insertion loss of S21 and S31 in dB.
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Figure 4.4: The phase variations of S21 and S31 in degrees.
68 
 
-1 0 1 2 3 4 5 6 7 8
-50
-40
-30
-20
-10
0
Is
o
la
tio
n

S(
2,
3)
(dB
)
Freq (GHz)
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4.3 Implementation & results
Figure 4.6, shows the prototype diagram of the proposed Doherty RF power amplifier
with offset transmission lines at both output and input circuit which maximise the
overall system’s efficiency with the configuration of Class AB and Class C amplifiers.
The Freescale N-Channel Enhancement-Mode Lateral MOSFET, MRF7S38010HR3
transistor with 33dBm output power was used for both Class AB and Class C amplifiers
and produces a Doherty RF power amplifier with 43dBm output power and efficiency
of 66%. The bias conditions used in this experiment are: class AB as carrier amplifier
was set at Vgs = 3.0V (Ids =300 mA) and class C as the peaking amplifier was set at
Vgs = 2.4V (Ids = 1 mA). Both amplifiers use the same drain voltage (30V).
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The non-linear simulation of Doherty RF power amplifier was achieved through the
ADS simulator. The following results are based on simulations and were initially
characterised for AM-AM and AM-PM responses, as well as output power and
efficiency. The performance comparisons between the Doherty amplifier and Class AB
amplifier were performed. The output power of Class AB power amplifier standalone
was 37.5dBm and with Doherty configuration, the output power was increased to
43dBm at 1dB compression point, while the efficiency increased to 66%.
Figure 4.7 represent the variation of the input power in relation to output power of the
Doherty amplifier. It clearly shows that 43dBm output power is achieved at linear
region of the amplifier, and this was achieved due to the characteristic of gain
compression and expression of the Doherty amplifier. The peaking amplifier Class C
late gain expansion compensated the carrier Class AB amplifier gain compression.
Figure 4.8 represent the AM-PM data and the graph shows the phase can vary
approximately 40 to 47 degree at the 1dB compression point. Figure 4.9 represent the
gain in relation to output power, the graph shows the power gain of Doherty amplifier
degraded severely compared to Class AB amplifier due to the arrangement of lower
biasing.
Figure 4.10 shows the power added efficiency versus output power. The Doherty RF
power amplifier has higher efficiency over the range of wide output power levels
compared to Class AB RF power amplifier.
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Figure4.6: Implemented prototype of proposed power efficient power amplifier.
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Figure 4.7: AM-AM characteristics of load modulation amplifier.
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Figure 4.8: AM-PM characteristics of load modulation amplifier.
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Figure 4.9: Gain characteristics.
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Figure 4.10: Power-Added Efficiency.
4.4 Conventional balanced and load modulation circuit architectures
The conventional balance and load modulation amplifiers exploit the Freescale N-
Channel Enhancement-Mode Lateral MOSFET MRF7S38010HR3 transistors. The
balanced amplifier was first proposed to improve efficiency of 3G base station, is
designed to work over a given dynamic range where the amplifier should behave
linearly. Conventional balanced amplifier was a commercially successful 2G/3G base
station amplifier. However, there are some problems that limit the balanced amplifier
for use as power amplifier for 4G communications.
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Thebalanced amplifier can be realised by combining two class AB amplifiers as shown
in Figure 4.11. The splitter divides the input signal equally with 90-degree phase-shift,
after the input matching circuitry the signals are fed to the transistors’ gates. With the
proper biasing of VGS both class AB amplifiers are set to conduct in the positive
cycles, the signals from the drain of the transistors are also 90 degree in phase and feed
into the combiner and at the output, combiner combines the signals with 90 degree
phase differences, and full sine wave. While by combining the carrier class AB and the
peaking class C amplifiers can realise load modulation RF power amplifier as shown in
Figure 4.12. The splitter divides the input signal into two equal magnitude but 90-
degree phase difference. At the output a microstrip quarter wave impedance inverter
combines the signals.
The concept of load modulation technique has been fully explained in chapter two. The
load modulation RF power amplifier improves the efficiency and the linearity by
complementing the saturation class AB amplifier with the turn on characteristic of class
C amplifier. The design comprises of step-by-step procedure for the optimum design of
energy efficient power amplifier, the proposed additional of 90 degree offset lines at the
output and input matching network for which will prevent power leakage at the output
junction between the output impedance transformer and peaking class C amplifier. The
gate biases and the individually matching of class AB and class C amplifiers are further
optimised to achieve high efficiency, linearity and wideband characteristics. The
peaking amplifier allows the load modulation amplifier to respond to the high input
levels of short duration, by amplifying the signal peaks, and to dynamically change the
load impedance of the main class AB amplifier.
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Figure 4.11: Balanced amplifier configuration.
Figure 4.12: load modulation amplifier configuration.
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4.5 Design layout and results
The conventional balanced and load modulation amplifiers are fabricated with RT 5880
substrates, H=0.5mm and relative permittivity of 2.2. In Figure 4.13 and
Figure 4.14 shows the layout of conventional balanced amplifier and load modulation
amplifiers respectively.
Figure 4.15 and Figure 4.6 in chapter 4 Page 70 shows the implemented prototype of
conventional balanced and load modulation amplifiers respectively. In Figure 4.16 and
Figure 4.17 shows the simulated linear performance of the balance and load modulation
amplifier respectively, the gain is flat in the range of 3.47 to 3.53 GHz with excellent
input and output return losses.
The non-linear simulations and the comparisons of conventional balanced and load
modulation amplifiers are performed. The bias conditions used in this experiment those
shown in Table 4.1, for balanced amplifier while in Table 4.2; represent that of load
modulation amplifier. The drain bias voltage VDS = 30V for both two transistors of
balanced and their gate voltage is VGS = 3V. The drain bias voltage of load modulation
amplifier is VDS = 30V for both carrier and the peak transistors, while their respective
gate bias voltages are VGS (Carrier) = 3V and VGS (Peaking) = 2.2V. Figure 4.18
represent the comparison of the variation of the input power versus output power of
both balanced and load modulation amplifiers. It clearly shows that 43dBm output
power is achieved at the linear region of both amplifiers. Figure 4.20 represent the
transducer power gain versus output power. The load modulation has less gain
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comparedto balanced amplifier; this is due to the fact that the peaking amplifier of load
modulation is biased in Class C mode. Figure 4.21 shows the PAE versus output power
of balanced and load modulation amplifier. From the graph one can be seen that the load
modulation amplifier has a higher efficiency over the wide range of output power than
conventional balanced amplifier. The PAE of 66% is obtained at 1dB compression point
of 42 dBm output power of load modulation amplifier while the PAE of 50% is
obtained at 1dB compression point of 42 dBm output power of conventional balanced
amplifier.
The load modulation offers improved efficiency at the whole range of output power
compared to conventional balanced amplifier. The heart of the load modulation is the
load modulation output combiner and that is the fascinating part of the design, while the
input behaves the same as a conventional balanced amplifier.
Table 4.1: Bias point setting for balanced amplifier.
Drain Voltage
(V)
Class AB1 VGS
(V)
Class AB2
VGS (V)
30 3.0 3.0
Table 4.2: Bias point setting for load modulation.
Drain Voltage
(V)
Carrier VGS (V) Peaking VGS
(V)
30 3.0 2.2
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Table 4.3: Performances of load modulation and balanced amplifiers.
Gain (dB) PAE (%)
Balanced 19.5 50
Load Modulation 16.5 66
Figure 4.13: Design layout of Balanced amplifier.
Figure 4.14: Design layout of load modulation amplifier.
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Figure 4.15: Implemented prototype of Balanced amplifier.
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Figure 4.16: Linear simulation of Balance amplifier.
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Figure 4.17: Linear simulation of load modulation amplifier.
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Figure 4.18: AM-AM responses.
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Figure 4.19: AM-PM responses.
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Figure 4.20: Transducer power gain.
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Figure 4.21: Power-Added Efficiency.
4.6 Uneven load modulation circuit design for base station
In this section, the author presents an innovative uneven load modulation RF power
amplifier for the applications of B3G base station whose operating frequency covers
3.4GHz to 3.6GHz band [1-13]. The performances of uneven load modulation RF
power amplifier have been compared with the load modulation RF power amplifier. The
results of 45dBm output power and 66% power added efficiency have been achieved.
Load modulation RF power amplifiers are based on load modulation techniques and
when using two transistors, the second transistor should be able to pull the load
presented to the first transistor for high output power and efficiency. However, it is
impossible for Class C to deliver the same output power as Class AB because, Class C
used part of the input signal to turn on and for this reason Class C will never pull out the
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loadpresented to Class AB for peak efficiency. Therefore, to solve this problem, uneven
load modulation RF power amplifier with uneven signal splitter at the input has been
designed, and this will allow more input signal to pass through Class C amplifier than
Class AB amplifier for peak efficiency. The proposed diagram of this kind of amplifier
is presented in Figure 4.22.
The bias and biasing networks are very important in controlling bias current and voltage
for the operation of uneven load modulation RF power amplifier. The DC quiescent
current for Class AB is in the region between the cut-off point/pinch-off and the Class A
bias point, typically at 10 to 15 percent of Ids while for Class C is below the threshold.
With this arrangement, and at the low level of input signal looking at Figure 4.23, the
Class C will act as open circuit, because at low level input signal, the signal is too small
to turn on the Class C amplifier and as a result of this, the quarter wavelength
transmission line present in front of Class AB will enable Class AB amplifier to see
high output impedance which leads to its saturation and keeps it at maximum voltage
constant condition.
The transformation of input, output and characteristic impedance of a quarter wave
transmission line is given as:
Z1 = ZO2 / Z2 (4.1)
Z1 and Z2 are the input and output impedance respectively and Zo is the characteristic
impedance of the transmission line. However, with the increased of input signal and the
saturation of Class AB, the suitable bias of Class C will enable it to turn on
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automaticallyand start sending current and the same time increasing the impedance of
ZO. With the increase of impedance of ZO results in decrease of impedance of Z1, which
is the impedance seen by Class AB. At this stage, both Class AB and Class C amplifiers
will see a terminating impedance of 2RL, while Class C amplifier also reaches its
saturation. This means that both Class AB and Class C amplifiers contributed the same
amount of power to the load, Figure 4.22 i.e I0 = I2, and Z1 and Z2 becomes:
Z1 = ZO2 / 2RL (4.2)
Z2=2RL (4.3)
As we have seen, the operation of the second amplifier has been forced to operate in
Class C, and as we all know that, the DC quiescent current of Class C amplifier is below
the threshold, typically have lower gain than Class AB amplifier. Therefore to achieve
the maximum output power and overall performance, one solution is to supply more
input power to Class C amplifier than Class AB amplifier. With this solution, one
should be able to achieve maximum output power without creating AM-AM distortion.
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Figure 4.22: Uneven load modulation at high level input signal.
Figure 4.23: Uneven load modulation at low level input signal.
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4.7 Design prototype and results
An unequal splitter is part of an uneven load modulation RF power amplifier and if
design properly can contribute a lot to the total efficiency of the system. An unequal
splitter, the Carrier Class AB, the peaking Class C, and impedance transformer at the
output are combined to form an uneven load modulation RF power amplifier.
Figure 4.24 shows the implemented prototype of uneven load modulation RF power
amplifier which fabricated with RT 5880 substrates, H=0.5mm and relative permittivity
of 2.2 and covers the range of frequency from 3.4GHz to 3.6GHz, with excellent input
and output return losses.
The comparisons of uneven load modulation RF power amplifier and load modulation
RF amplifier have been performed. The bias conditions used in this experiment are: The
drain bias voltage VDS for all transistors is 30V and the gate bias voltage VGS for both
Class AB is 3.0V and for Class C is 2.4V. Figure 4.25 represent the comparison of the
variation of the input power versus output power for both uneven load modulation RF
power amplifier and load modulation RF power amplifier. It clearly shows that there’s
an increase of 2dB more in compared with load modulation, this shows that with uneven
splitter you can able to pull more output power than with equal splitter. The 45dBm
output power was achieved at the linear region of uneven load modulation. Figure 4.26
represent the transducer power gain versus output power. The uneven load modulation
has more gain compared to load modulation; this is due to the fact that we provided
more input power to Class C than Class AB in the uneven configuration, while in the
load modulation configuration, the input signal are equally divided. Figure 4.27 shows
the power added efficiency (PAE) versus output power of uneven load modulation RF
power amplifier and load modulation amplifier. From the graph one can be seen that
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unevenload modulation amplifier has a higher efficiency. The PAE of 66% is obtained
at 1dB compression point of 45dBm output power of uneven load modulation RF power
amplifier while the PAE of 62% is obtained at 1dB compression point of 42dBm output
power of load modulation RF power amplifier. The heart of uneven load modulation
and the load modulation is the load modulation output combiner, and that is the
fascinating part of the design.
Figure 4.24: Prototype of uneven load modulation RF power amplifier.
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Figure 4.25: AM-AM responses.
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Figure 4.26: Transducer power gain.
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4.8 Conclusion
Three different topologies of RF power amplifiers (Doherty, Conventional Balanced,
and Uneven Load modulation) have been designed with custom-made even and uneven
signal splitters that have been tested and compared, for base station applications. The
presented designs can be summarised separately as follows:
In section 4.1, the Doherty RF power amplifier was designed using Freescale N-
Channel Enhancement-Mode Lateral MOSFET transistor, the achieved results of the
Doherty were compared with conventional Class AB amplifier, and Doherty exhibited a
PAE of 66% at peak output power of 43 dBm close to 1dB compression point. And
exhibited a PAE of 40% at average output power of 37 dBm back off. The Class AB,
Class C, input signal splitter and output transformer were adjusted to optimise the
design under Doherty operation. The Doherty RF power amplifier has demonstrated
good concession between the cost, linearity, efficiency, and output power. The proper
phasing of 3dB quadrature splitter effectively contributed to the total efficiency of the
system. In addition, the turn–on of the class C amplifier was dependent on the gate bias
voltage and the input signal.
Section 4.4 presents the performance comparisons between load modulation power
amplifier and conventional balanced power amplifier. The achieved results of the
proposed design process have shown an excellent efficiency and power performances.
Load modulation achieved a PAE of 66% at peak output power of 43 dBm close to 1dB
compression point. And exhibited a PAE of 40% at average output power of 37 dBm
back off., while conventional balanced achieved a PAE of 50% at peak output power of
42 dBm and achieved a PAE of 15% at average output power of 37 dBm back off .
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Load modulation has 16% peak PAE achievement over conventional balanced RF
power amplifier.
The proper phasing of input signal splitter effectively contributed to the total efficiency
of the system. The load modulation amplifier improved the efficiency over a wide range
of output power compared to conventional balanced amplifier. The load modulation has
less gain compared to balanced amplifier due the arrangement of lower biasing of Class
C peaking transistor of load modulation. The operation of this design was strongly
influenced by the coupling factor of the splitter, biasing of class AB and C amplifiers.
In section 4.6 the performance comparisons between uneven load modulation RF power
amplifier and load modulation RF power amplifier are presented. As can be seen, the
operation of the second amplifier has been forced to operate in Class C, (typically Class
C have lower gain than Class AB amplifier), and hence, it is impracticable for Class C
to deliver the same output power as Class AB. This is because the Class C used part of
the input signal to turn on the active device and for this reason Class C will never pull
out the load presented by Class AB for peak efficiency. To achieve the maximum output
power and overall performance, one solution is to supply more input power to Class C
amplifier than Class AB. With this method one should be able to achieve maximum
output power without creating AM-AM distortion. The operation of this design was
strongly influenced by the coupling factor of the splitter, biasing of class AB and C
amplifiers. The achieved results of the proposed design process have shown an excellent
efficiency and power performances. The uneven load modulation RF power amplifier
achieved a PAE of 66% at peak output power of 45 dBm close to 1dB compression
point. And exhibited a PAE of 25% at average output power of 39 dBm back off.
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CHAPTERFIVE
5. Multi-Stage Load Modulation RF
Power Amplifier Design
 
5.1 Multi-stage load modulation circuit architecture
The classical load modulation RF power amplifier, shown in Figure 5.1, has two
amplifiers with the same output power capability arranged in parallel, but different in
biasing. The two amplifiers are the carrier amplifier stage, which operates in class AB
and the peaking amplifier stage that operates in class C. The input signal is divided
equally in amplitude by splitter with 90-degree phase difference, so as to drive the class
AB carrier amplifier stage and the class C peaking amplifier stage, and their outputs are
connected by a transformer coupler which combines the output signals [1-18].
Figure 5.1. Schematic diagram of classical load modulation power amplifier
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The classical load modulation RF power amplifier achieves a significantly higher
efficiency at some point of output power back-off over the traditional stand-alone RF
power amplifier. However, with OFDM wireless signals that have high peak-to-average
power ratios, the efficiency of the classical load modulation RF power amplifier can be
improved further by extending configuration to a three-stage design.
The proposed three-stage load modulation RF power amplifier shown in Figure 5.3, has
three power amplifiers with the same out power capability and are arranged in parallel;
two have the same bias point whereas the other has its own different bias point. The
three amplifiers are carrier amplifier stage, which operates in class B mode while the
two peaking amplifiers operate in class C mode. Furthermore, for proper load
modulation, the input signal is divided equally in amplitude, but with phase differences.
The phase difference between carrier amplifier and peaking1 amplifier is 90-degree, and
the phase difference between carrier amplifier and peaking 2 amplifiers is 180-degree.
The signal splitter was designed independently and tested in terms of the frequency
response and the operational bandwidth, before integrated it into the whole design. This
was done due to the fact that the operation is strongly influenced by the coupling factor
of the input splitter.
In this design, the class B mode was chosen to act as the carrier amplifier stage, instead
of class AB mode which is widely used in the classical load modulation power amplifier
design. The selection of class B mode as carrier amplifier stage would significantly
increase the efficiency of the whole design.
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According to reference [6] and Figure 5.2, the output of the carrier amplifier and the
output of the peaking 1 amplifier require a quarter wavelength transmission line, which
is also applied to the output of peaking1 amplifier and the output of peaking 2 amplifier.
Obviously, this will increase the complexity of the design and increase the circuit space,
and if not properly designed can significantly reduce the efficiency and linearity of the
whole design.
In this chapter, as shown in Figure 5.3, we considered a simple summing network at the
output of the three-stage load modulation power amplifier. The summing network also
acts as a phase difference compensator which adds the signal from each amplifier to the
output load constructively. The quarter-wave length transmission line was implemented
between the output of the carrier amplifier and the output of the peaking 1 amplifier;
then the output of the peaking 2 amplifier was directly connected to the output of the
peaking 1 amplifier without adding any quarter-wave length transmission line. This
summing network will allow a proper load modulation operation. The operation is also
strongly influenced by the quarter-wave length at the output of the carrier amplifier.
However, the peaking1 and the peaking2 amplifiers can pull out the load presented to
the carrier amplifier for peak efficiency and output power.
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Figure 5.2. Schematic diagram of three-stage load modulation power amplifier
Figure 5.3. Schematic diagram of proposed three-stage load modulation power amplifier
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5.2 Current Drive Analysis of Three-Stage Load Modulation Circuit
For the transmission line, the relationship between input voltage Vin and input current Iin
to the output voltage Vout and output current Iout is given by matrix form [4-5]
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Zin = Vin / Iin is the source impedance, Zo is the characteristic impedance of the
transmission line, and ZL is the load impedance and is given as ZL = Vout / Iout.
Zin becomes
2/cos2/sin)/(
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0
0
pipi
pipi
+
+
=
ZZj
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For the quarter-wavelength transmission line, cos = 0, and sin = 1, then Zin will
becomes
0
0
/ ZZ
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L
in = ,
L
in Z
ZZ
2
0
= (5.3)
Figure 5.4, shows the analysis diagram for a three-stage current. The quarter wavelength
at the output of carrier amplifier acts as a load modulation coupler which causes the
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resistive impedance seen by the carrier amplifier to go high when two peaking
amplifiers are in off-state and to go low when the two peaking amplifiers are in on-state.
Carrier Peaking 1
Ropt/3  
Peaking 2
Vpk2 Vc Vpk1 
Ipk2 Ipk1 + Ipk2 IQIc 
Zc
ZQ Zpk1 Zpk2 
RL
ZX
Figure 5.4. Analysis diagram for three-stage current
The phase output current of carrier amplifier (Ic) must lead that of the output current of
peaking1 and peaking2 amplifiers (Ipk1, Ipk2) by 90-degree and 180-degree respectively.
However, the operational principle of a three-stage load modulation RF power amplifier
can be best described by dividing the level of input drive into low level drive (carrier is
turned ON and peaking1 and peaking2 are turned OFF), medium level drive (carrier and
peaking1 are turned ON and peaking2 is turned OFF) and high level drive (where both
amplifiers are turned ON). At high input signal, both the carrier and the two peaking
amplifiers are in on-state and their RF current envelopes can be written as follow:
)1(
6
max x
IIC += (5.4)
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Where x has a value of 0 at low level drive, has a value of 0.5 at medium level drive,
and 1 value at high level drive.
The effective impedance with load pulling effect, on each amplifier can be given by:
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Fromequation 5.1, and in Figure 5.5, the quarter wavelength at the output of the carrier
amplifier acts as a load modulation coupler where the resistive impedance seen by the
carrier amplifier goes high when the two peaking amplifiers are in off-state and goes
low when they are in on-state.
Figure 5.5. Quarter wavelength transmission line
The transformation of the input, output and characteristic impedance of a quarter-wave
length transmission line is given as
Q
X
C Z
ZZ
2
= (5.10)
Equation 5.10 is the output impedance seen by the carrier amplifier and when
substituting ZQ in the equation 5.10, the output impedance, becomes:
ZC =
ZX
2
ZQ
=
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Vcis the output voltage of carrier amplifier and is given as
VC = ZC * IC =
ZX
2
RL 1+
IPK1 + IPK 2
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After substituting IC, IPK1, and IPK1, into ZC, it yields the following,
VC =
ZX
6RL
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From the above equation, the output voltage remains approximately constant only at
low level drive where only the carrier is in on-state and high level drive (where both
amplifiers are on-state), at medium level drive, the output voltage of the carrier
amplifier increases by the factor 3/2 (1.5). Figure 5.6 and Figure 5.7 shows the input
voltage versus output voltage of classical and three-stage load modulation respectively.
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Figure 5.6. Input voltage vs. output voltage of classical load modulation.
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Figure 5.7. Input voltage vs. output voltage of three-stage load modulation.
5.3 Circuit Prototype and results
The three-stage load modulation RF power amplifier utilises the FPD1500S0T89
device. It has been designed using TOM3 large signal model and FPD1500 transistor.
The FPD1500SOT89 is a packaged depletion model AIGaAs/InGaAs pHEMT. It
contains double recessed gate structure which minimises parasitic and optimise
performance.
In this chapter, the bias circuit for the carrier amplifier was designed based on class B
mode and the two peaking amplifiers were based on class C mode. The decision to use
class B mode as a carrier amplifier instead of class AB mode, which is widely adopted
in the combination of Doherty amplifier, was taken in order to improve the efficiency of
the entire design. The conduction angle of class B amplifier remains at 180-degree and
is independent of the input signal level. However, the class B amplifier DC quiescent
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currentis at threshold that means the quiescent current is theoretically zero. But in this
design, the quiescent current was increased to an order of 8% of the peak drain current
which resulted to 0.046mA. The motive behind this is to minimise crossover distortion
and increase the efficiency. The peak drain current of FPD1500 transistor is 0.587mA
when the gate bias voltage is at (0V) and the drain bias voltage at (5V). The 5V was
chosen for the drain bias voltage because it’s located between the cut-off and saturation
point of the FPD1500 transistor. The carrier amplifier gate bias voltage should be set to
(-0.9V) to establish the carrier amplifier quiescent current at (0.046mA) which is the 8%
of the peak drain current of the transistor. The gate bias voltage versus drain current of
class B is depicted in Figure 5.8.
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
0.0
0.1
0.2
0.3
0.4
0.5
0.6
ID
S
(A
)
VGS (V)
IDS
Figure 5.8. The Threshold of the Drain Current of Class B
The two peaking amplifiers are biased to turn on only when the carrier amplifier reaches
the saturation level. The peaking1 and peaking2 amplifiers are biased in class C mode
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that is below threshold. They can only turn on when the input drive reaches a
predetermined level, because class C mode is absolutely dependent on the input drive
level. The peaking1 and peaking2 amplifiers gate bias voltage should be set to (-1.1V)
to properly work in class C mode. The two peaking amplifiers quiescent current is
(0.004mA).
To this point, we have in fact biased both the carrier and the two peaking amplifiers,
where the bias condition for the carrier amplifier is Vgs = -0.9V (Ids = 46 mA), and for
the peaking1 and peaking2 amplifiers is Vgs = -1.1V (Ids = 4 mA). The drain bias
voltage for both amplifiers is (Vds=5V). The splitter at the input, the carrier amplifier,
the peaking1 amplifier, the peaking2 amplifier, and the impedance transformer with
phase compensation at the output, are combined to form a single three-stage load
modulation RF power amplifier. Figure 5.9, shows the prototype diagram of the
proposed three-stage load modulation RF power amplifier.
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Figure 5.9. Prototype of the three-stage load modulation RF power amplifier.
The three-stage load modulation RF power amplifier is initially characterised for AM-
AM and AM-PM responses, as well as for output power and efficiency. The
performance comparisons between the three-stage load modulation amplifier and the
classical load modulation amplifier were performed, where the output power increased
to 30dBm at the 1dB compression point while the efficiency increased to 67%.
Figure 5.10 represents the variation and comparison of the input power versus output
power for the three-stage load modulation and classical load modulation amplifiers. It
clearly shows that the 30dBm output power is at the edge of the linear region of the
amplifier, and this was achieved due to the characteristic of the overall gain as a product
of the three-stage load modulation, which preserves its constant nature throughout the
range up to 30dBm. The peaking 1 and peaking 2 amplifiers late gain expansion can
compensate the carrier amplifier gain compression. Figure 5.11 shows the comparison
of AM-PM characteristics of the two different topologies.
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Figure 5.10. AM-AM characteristics of three-stage load modulation.
0 5 10 15 20 25 30
4
6
8
10
12
14
16
18
AM
-
PM

(D
e
gr
e
e
)
Input Power (dBm)
Three-Stage Load Modulation
Classical Load Modulation
Figure 5.11. AM-PM characteristics of three-stage load modulation.
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Figure 5.12. Power-Added Efficiency.
The power added efficiency versus output power is shown in Figure 5.12. The three-
stage load modulation amplifier has higher efficiency over the range of output power
levels compared to the classical load modulation amplifier.
The two-tone characterisation with 5MHz tone spacing was performed and was
concentrated on achieving acceptable IMD3 and IMD5. Figure 5.13 and Figure 5.14
shows the performance comparisons between the three-stage load modulation amplifier
and the classical load modulation amplifier for the IMD3 and IMD5 as a function of
output power.
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Figure 5.13. Two-tone characterisation (IMD3).
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Figure 5.14. Two-tone characterisation (IMD5).
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These results show that the IMD3 and IMD5 tone response of a three-stage load
modulation have been improved significantly over the IMD3 and IMD5 of the classical
load modulation. The three-stage load modulation power amplifier was also tested with
the modulated mobile WiMAX signal. The modulated 64-QAM OFDM signal with
10MHz bandwidth was used and a result of less than 5% EVM was obtained.
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Figure 5.15: Error vector magnitude (EVM) characterisation.
Figure 5.16 shows the comparison of the linearity performance of a three-stage load
modulation with the classical load modulation fed by a modulated mobile WiMAX
signal, and it can be seen that the spectrum mask of the mobile WiMAX requirement
are satisfied. EVM for the three stage load modulation is generally poorer than classical
load modulation.
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5.4 Conclusion
This chapter five has presented the design and implementation of the three-stage load
modulation RF power amplifier for mobile WiMAX application. The amplifier was
characterised using single tone, two-tone and the mobile WiMAX modulated input
signals. The achieved results have shown good efficiency, power performances, and
satisfy the linearity requirement for mobile WiMAX. The proper phasing of the splitter
at the input, and the proper design of the impedance transformer with phase
compensation at the output can effectively contribute to the total efficiency of the
system. The operation of this design was strongly influenced by the coupling factor of
the splitter, the biasing of the carrier amplifier, and the biasing of the peaking 1 and the
peaking 2 amplifiers. The turn–on of the two peaking amplifiers are dependent on the
input signal. The performance of the 3-stage load modulation RF power amplifier has
compared with the legacy 2-stage load modulation RF power amplifier technique. The
experimental results show that 30% PAE can be achieved at 23dBm average output
power, and that 30dBm peak output power can be achieved with 67% PAE, which
represent a 14% improvement over current state of the art system while meeting the
power output requirements for mobile WiMAX. The results have shown that the
proposed three-stage load modulation RF power amplifier can be suitable candidate for
the mobile WiMAX application.
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CHAPTERSIX
6. Conclusion and future work
 
6.1 Summary of Thesis
The performance comparisons between all the designs have been presented. The
research work explores the emerging area of optimising efficiency as well as linearity in
RF power amplifier design, as part of the green RF front end. The efficiency
enhancement technique applied by Doherty technique has been implemented in the
linear region of the RF power amplifier to achieve higher efficiency at a low-level input
signal.
We have highlighted energy consumption and linearity as two important design
requirements that should be addressed if we are to have effective RF power
amplification in tomorrow’s handsets and base stations.
The original achievement of the present work can be summarised as follows:
In chapter 2, the overview and the concept of signal amplification and feature of power
amplifiers have been reviewed. Amplifiers are classified according to their circuit
configurations and methods of operation into different classes, such of these are A, B,
AB, C, and F. These classes are based on conduction angle (2θc).
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Moreover in the chapter 2, it presents widely used figures of merit to evaluate the
linearity or the impact of nonlinearity of RF power amplifiers. These have shown the
classes of RF power amplifier from highly linear to the less linear. It is well known that
power amplifiers cannot operate efficiently when used for linear amplification.
The classes A, B and AB are considered linear amplifiers and have been used for GSM
and AM broadcasting. High data transfer, leads to the development of multilevel
modulations, which causes non-constant envelope and wide envelope frequency, and are
significantly sensitive to nonlinear distortion, usually caused by RF power amplifier.
Therefore, linear or linearisation RF power amplifier is needed for high data transfer.
Chapter 3 unfolds and describes the characterisation and design of energy efficient user
terminal transceiver power amplifier. The design comprised several design steps for
which the optimisation is applied to each in order to obtain global high performances of
the entire system. Initially, the design of carrier and peak amplifiers, input signal 3dB
90-degree hybrid coupler designs, Output 90 degree offset line and impedance
transformer designs were performed.
The chapter 3 has presented two different topologies. Topology one (combination of
class B and class C) is even Doherty in which the results are compared with classical
class B. The even Doherty has better efficiency and output power than class B but still it
has some limitation, which doesn’t allow utilising all the efficiency. Doherty techniques
are based on load modulation and when two transistors are applied, the second transistor
should be able to pull the load presented to the first transistor to achieve high
efficiency. However, it is impossible for class C to deliver the same output power as
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classB because, class C used part of the input signal to turn on and for this reason class
C will never pull the load presented to class B for peak efficiency. With this reason we
decided to designed uneven Doherty RF power amplifier with uneven signal splitter,
which is to allow more input signal to class C amplifier than class B amplifier. The
trade-off between efficiency and linearity in load modulation power amplifier has been
presented. The achieved results of the proposed design process have shown an excellent
efficiency and power performances. The proper phasing of 3dB quadrature splitter
effectively contributed to the total efficiency of the system. The operation of this design
was strongly influenced by the coupling factor of the splitter, biasing of class B and C
amplifiers. In addition, the turn–on of the class C amplifier was dependent on the gate
bias voltage and the input signal.
Chapter 4 covers the proposed base stations efficient RF power amplifiers design and its
implementations. The aim of this chapter was the design process of the base station load
modulation RF power amplifier and balance RF power amplifier. The conventional
balance amplifier was first proposed to improve power efficiency of 3G base station, is
designed to work over a given dynamic range where the amplifier should work linearly.
Conventional balanced amplifier was a commercially successful to 2G/3G base station
front end power amplifier. However, there are some problems that limit the balanced
amplifier for use as power amplifier for 4G communications.
Three different topologies of RF power amplifiers (Doherty, Conventional Balanced,
and Uneven Load modulation) have been designed with custom-made even and uneven
signal splitters that have been tested and compared, and both of them are for the base
station applications. The presented designs can be summarised separately as follows:
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In section 4.1, the Doherty RF power amplifier was designed using Freescale N-
Channel Enhancement-Mode Lateral MOSFET transistor, the achieved results of the
Doherty were compared with conventional Class AB amplifier, and Doherty exhibited a
PAE of 66% at peak output power of 43 dBm close to 1dB compression point. And
exhibited a PAE of 40% at average output power of 37 dBm back off. The Class AB,
Class C, input signal splitter and output transformer were adjusted to optimise the
design under Doherty operation. The Doherty RF power amplifier can make a good
concession between the cost, linearity, efficiency, and output power. The proper phasing
of 3dB quadrature splitter effectively contributed to the total efficiency of the system. In
addition, the turn–on of the class C amplifier was dependent on the gate bias voltage
and the input signal.
Section 4.4 presents the performance comparisons between load modulation power
amplifier and conventional balanced power amplifier. The achieved results of the
proposed design process have shown an excellent efficiency and power performances.
Load modulation achieved a PAE of 66% at peak output power of 43 dBm close to 1dB
compression point. And exhibited a PAE of 40% at average output power of 37 dBm
back off., while conventional balanced achieved a PAE of 50% at peak output power of
42 dBm and achieved a PAE of 15% at average output power of 37 dBm back off .
Load modulation has 16% peak PAE achievement over conventional balanced RF
power amplifier.
The proper phasing of input signal splitter effectively contributed to the total efficiency
of the system. The load modulation amplifier offers improved efficiency over wide
range of output power compared to conventional balanced amplifier. The load
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modulationhas less gain compared to balanced amplifier due the arrangement of lower
biasing of Class C peaking transistor of load modulation. The operation of this design
was strongly influenced by the coupling factor of the splitter, biasing of class AB and C
amplifiers.
 
In section 4.6 the performance comparisons between uneven load modulation RF power
amplifier and load modulation RF power amplifier are presented. As we have seen, the
operation of the second amplifier has been forced to operate in Class C, typically Class
C have lower gain than Class AB amplifier, and it is impossible for Class C to deliver
the same output power as Class AB because, Class C used part of the input signal to
turn on and for this reason Class C will never pull out the load presented to Class AB
for peak efficiency. To achieve the maximum output power and overall performance,
one solution is to supply more input power to Class C amplifier than Class AB. With
this one should be able to achieve maximum output power without creating AM-AM
distortion.
The operation of this design was strongly influenced by the coupling factor of the
splitter, biasing of class AB and C amplifiers. The achieved results of the proposed
design process have shown an excellent efficiency and power performances. The
uneven load modulation RF power amplifier achieved a PAE of 66% at peak output
power of 45 dBm close to 1dB compression point. And exhibited a PAE of 25% at
average output power of 39 dBm back off.
Chapter 5 describes the proposed Multi-stage Load Modulation circuit architecture;
section 5.1 explains the current drive analysis for the three stage load modulation
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circuit; circuit prototype and results are given by section 5.2. This chapter six has
presented the design and implementation of the three-stage load modulation RF power
amplifier for mobile WiMAX application. The amplifier was characterised using single
tone, two-tone and the mobile WiMAX modulated input signals. The achieved results
have shown good efficiency, power performances, and satisfy the linearity requirement
for mobile WiMAX. The proper phasing of the splitter at the input, and the proper
design of the impedance transformer with phase compensation at the output can
effectively contribute to the total efficiency of the system. The operation of this design
was strongly influenced by the coupling factor of the splitter, the biasing of the carrier
amplifier, and the biasing of the peaking 1 and the peaking 2 amplifiers. The turn–on of
the two peaking amplifiers are dependent on the input signal. The performance of the 3-
stage load modulation RF power amplifier has compared with the legacy 2-stage load
modulation RF power amplifier technique. The experimental results show that 30%
PAE can be achieved at 23dBm average output power, and that 30dBm peak output
power can be achieved with 67% PAE.
6.2 Conclusion
Five different topologies of RF power amplifiers have been designed with custom-made
even and uneven signal splitters that have been tested and compared, two for the user
terminal and three for the base station applications. The design core of the Doherty
technique is based on the combinations of a class B power amplifier, class AB and a
class C power amplifier, which also includes 90-degree 2-way power splitter at the
input and a quarter wavelength transformer at the output, which performs the load
impedance transformation and combines the two output signals. Moreover, the 3-stage
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loadmodulation RF power amplifier has been designed with the proposed new output
power combiner. The 3-stage load modulation RF power amplifier is a new design,
which provides high output power and better efficiency together with reduction in
power consumption and power dissipations over the legacy 2-stage load modulation RF
power amplifier. The design core is based on the combinations of a Class B power
amplifier and two Class C power amplifiers, which includes 180-degree 3-way power
splitter at the input and a quarter wavelength transformer at the output. However, the
designs are to operate in the 3.4 - 3.6GHz frequency band of Europe mobile WiMAX.
The performances of the designs were compared and analysed. The experimental results
show that 30% PAE can be achieved at 23dBm average output power, and that 30dBm
peak output power can be achieved with 67% PAE, for the user terminal and 25% PAE
can be achieved at 39dBm average output power and 66% PAE at 45dBm peak output
powervfor base stations which marks the peak 14% and 11% respectively, improvement
over current state-of-the-art systems, while meeting the power output requirements for
mobile WiMAX applications. The beyond 3G mobile communication systems will
accommodate multiple wireless standards (2G, 2.5G, 3G, Mobile WiMAX, LTE, and
LTE-A) and both mobile’s and base station’s devices will be asking for more and high
efficient power amplifier with the aim to prolong their operation time and avoid active
cooling in the base station. However, it is impossible to achieved higher efficiency and
high linearity with single stage traditional power amplifier. Therefore, there is need to
adapt an external technique to improve the efficiency of the transceiver while at the
same time maintaining the linearity for the signal with high PAPR. Moreover, we will
have to acknowledge and mention it here, there are various techniques that are used to
mitigate or to reduce the PAPR: these techniques if succeeded in mitigating the PAPR
of OFDM will enable the power amplifier to be operated in a more efficient region with
122 
 
OFDM signals and will also relax the stringent linearity requirements of power
amplifier design. Various techniques such as: Clipping; Selective Mapping; Coding;
Wave Form Shaping; Scrambling; Partial IFFT; Interleaving Technique; Tone
Reservation Technique; Tone Injection Technique; Active Constellation Extension
Technique, are available and most of have computation complexity and/or causing
another distortion. Our research focuses on energy efficient Doherty RF power amplifier
for B3G transceivers applications. Applying load modulation technique can
significantly reduce the CO2 footprint and power consumption in the transceiver.
6.3 Recommendation for future work
After improving the RF power amplifier transceiver’s performance in term of battery
lifetime/talk time of battery-powered devices and energy consumptions of base station,
with the aim to prolong their operational time and avoid active cooling in the base
station. The recommended future work is to design a frequency reconfigurable RF front
ends (multi-standard) by using RF MEMS technology.
The first part of the design should focus on RF MEMS matching network for the
reconfiguration of RF power amplifier to cover more than six frequency bands (a
tunable RF power amplifier). And the second part of the design would address the RF
MEMS Filters.
Without a holistic design and fabrication approach, future wireless communication
devices would be extremely large in size to accommodate multiple RATs compared to
123 
 
today’smore conventional mono-mode devices. Typically multiple RAT devices will be
comprised of multiple RF power amplifiers, LNA, RF band pass filters, modulators and
demodulators; one for each wireless technology. Obviously, this will increase the
complexity of the circuit design and will cover a large part of the circuit space leading
to power hungry devices. RF-MEMS can be good candidate for innovative RF front end
devices since it is reconfigurable features in nature therefore allowing a reduction in the
number of external components in a single device for the use of multiple RATs.
The future mobile multimedia handset and base station devices will accommodate
multiple wireless standards (2G, 2.5G, 3G, WiMAX, Mobile WiMAX, LTE, and LTE-
A). This will require multiple RF power amplifiers, LNAs, RF band pass filters,
modulators and demodulators since all of these standards work on different frequency
bands. If we were to upgrade these mobile devices to support future standards, this
indeed would entail adding another set of customised RF front end devices leading to
extra complexity and power consumption. If were not to take any preventive measure
towards reducing energy consumption on the mobile device, this means that users could
eventually fall victim to the energy trap: users will be restricted to the nearest power
socket instead of having the flexibility to roam freely between different networks.
Therefore, future design requirements dictate the need for reconfigure handsets so as to
reduce the number of duplicated circuits, and hence the energy consumption, and from a
business perspective, to introduce the handsets to the market at a very low cost.
Therefore the design process requires a reconfigurable/tunable RF front end structural
design with high energy efficiency, high tuning speed, and excellent linearity that have
to deal with the wide frequency range, low loss/or high-Q circuits. Therefore tunable
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power amplifiers, tunable antennas, tunable band pass filters, and tunable matching
networks are the key building blocks for reconfigurable RF front-end systems.
 
 
Figure 6.1: Block diagrams of multi-standard wireless systems showing the transistion
to reconfigurable solutions
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